The present study investigates the molecular basis of the G3m polymorphism expressed by the heavy constant domains of human immunoglobulins gamma 3 chains. By using a new protocol allowing the specific cloning of IGHG3 genes, a total of 51 full-length IGHG3 genomic sequences (about 2 kb) isolated from African, Siberian, West Asian and European population samples were sequenced. IGHG3 sequences were assigned precise G3m haplotypes on the basis of specific associations between G3m allotypes and IGHG3 RFLPs. Specific DNA substitutions involved in the expression of G3m(5), G3m(6), G3m(15), G3m(16), G3m(21), G3m(24) and G3m(28) allotypes were then deduced, elucidating almost completely the determination of the G3m polymorphism at the DNA level. The molecular evolution of G3m haplotypes was investigated by a maximum likelihood phylogeny of IGHG3 sequences. Sequence clusters are shown to be G3m haplotype-specific, corroborating the Gm molecular model deduced from serology, and showing that populations differentiation is much more recent than G3m haplotypes differentiation. The widely distributed G3m 5, 10, 11, 13, 14 haplotype is likely to be ancestral to the other G3m haplotypes presently found at high frequencies in different continental areas. European Journal of Human Genetics (2001) 9, 765 ± 772.
Introduction
The Gm polymorphism is associated to the constant domains of human immunoglobulins IgG1, IgG2 and IgG3 heavy chains. 1 It is defined serologically by 18 allotypes specific to g1 (G1m 1, 2, 3, 17), g2 (G2m 23) and g3 (G3m 5, 6, 10, 11, 13, 14, 15, 16, 21, 24, 26, 27, 28) . The IGHG1, IGHG2 and IGHG3 genes are physically linked on chromosome 14q32.3. Gm allotypes are thus usually inherited in fixed combinations called Gm haplotypes.
The Gm polymorphism has been extensively studied in human populations, showing that a limited number of haplotypes are observed worldwide, with high frequency variation among populations from different continents. 2 ± 4 Gm diversity among populations appears to be highly correlated with geography at the world scale, and merely reveals significant correlation with linguistic relationships at continental levels. 3,5 ± 7 In spite of its interest for anthropology, the Gm system has seldom been investigated before at the molecular level in population studies. The reason is that the molecular basis of Gm allotypy is almost completely unknown due to the difficulty of isolating the highly homologous IGHG genes from each other. Punctual amino acid substitutions haveThe aim of this study is to determine the non-synonymous substitutions involved in G3m allotypy, and to investigate the molecular variation associated to G3m haplotypes. For this purpose, we design an original protocol that permits the specific cloning of IGHG3 genes. We apply it to the DNA sequencing of 51 full-length IGHG3 genes from different population samples for which G3m serological and IGHG3 RFLP typings were previously done. Specific associations between G3m haplotypes and IGHG3 RFLPs allow us to define the precise relationship between IGHG3 DNA sequences and G3m haplotypes deduced by serology. From these analyses, we determine the non-synonymous substitutions involved in the expression of most G3m allotypes, and we propose a tentative evolutionary model of G3m haplotypes.
Subjects and methods

Studied populations
The studied individuals, all being volunteers, originate from two main populations, the Senegalese Mandenka and the Siberian Selkups. This choice was done because both samples were previously tested for Gm allotypes and IGHG RFLPs. 16 CATGA), except IGHG3. This permitted to avoid almost completely the amplification of IGHG1, IGHG2, IGHG4 and IGHGP genes. After separation on gel, IGHG3 PCR products were ligated in BlueScript vectors and cloned in DH5 bacteria. Ten primers were used to sequence IGHG3 genes on both strands with an ABI 377 automatic sequencer. Each gene was sequenced from three independent clones in order to avoid artifacts that could be confused with polymorphism. Thus, a total of 30 sequences were necessary for each IGHG3 gene (10 primers for each clone).
Sequence alignment and phylogenetic analyses
The reconstruction of each IGHG3 gene from its 10 overlapping sequences and the alignment of the 51 reconstructed IGHG3 genes were done by using the Sequence Navigator 2 software. Neighbor-Joining (NJ), 30 UPGMA, 31 and Maximum 32 phylogenetic trees were constructed for these sequences by using the MEGA 33 and DNAML programs of PHYLIP. 34 Robustness of the NJ and UPGMA trees was assessed by a bootstrap procedure.
35,36
Results
IGHG3 DNA sequence polymorphism
The alignment of the 51 IGHG3 genes sequenced in this study is shown in Table 2 . The EZZ sequence (T1) of aTunisian (X03604 37 ) is taken as a reference, and the LAT sequence of another Tunisian (T2) ( X16110 38 ) is also included. The G3m haplotype corresponding to each sequence, and the amino acids involved in the observed non-synonymous substitutions are indicated (right and bottom of 
Amino acids involved in G3m allotypy
The results presented in Table 2 (Table 3) :
. G3m (21) is likely to be determined by a Pro?Leu mutation at position 291 (CH2 domain). The same conclusion was drawn from the analysis of the OMM protein 42, 43 and a previous sequencing of CH2-CH3 domains. 13 We exclude the involvement of amino acid Asn384, because it is coded by one G3m 5, 10, 11, 13, 14 Mandenka sequence (M6), and of Arg435-Tyr436, because they are located on CH3: enzymatic digestions indicate that G3m (21) (28) is present on Fc' (CH3). We exclude the involvement of Asn384 because this amino acid is also present on the other g sub-classes and is thus not specific for G3m allotypy. Asn384 would rather be responsible for the non-expression of allotypes G3m(10), G3m (13), and G3m (14) or G3m (11) shared by g1, g2 and g4 proteins. As G3m (15) is in fact not detected on Fc' (CH3), 40 an allosteric effect with the CH2 domain is probably also necessary for its expression. . G3m(6) is likely to be determined by a Gln?Glu substitution at position 419 (CH3 domain). As Glu419 is also present on g4, an allosteric effect may again be involved. This time, we propose that this effect takes place on g4 for the non-expression of G3m(6), because amino acids 355 and 445, which are g4 sub-class specific, are in close contact with Glu419 on g4 tri-dimensional structure. The expression of G3m (6) is also correlated to the nonexpression of G3m(13) in G3m 5, 6, 10, 11, 14 . These results agree with the location of G3m(6) and G3m (13) Amino acid 
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thus also be involved in the expression of G3m (24), whereas allosteric effects would prevent the expression of this allotype on g4 proteins. . G3m(5) may be determined by a Tyr?Phe mutation at position 436 (CH3 domain). However, the expression of this allotype probably also needs the interaction between the CH2 and CH3 domains, as it is detectable only on intact CH2-CH3 peptides. 40 This is possible through amino acid 436, which is in close contact with the CH2 domain.
For the remaining G3m allotypes, G3m (10), (11), (13), (14), the hypotheses are less straightforward. Amino acids Ser384, Ile422, Arg435 and Phe436 are specific for both G3m 5,10,11,13,14 and G3m 5, 6, 10, 11, 14 haplotypes, and are not present at the same positions on the other g sub-classes. They may thus be essential for G3m (10), (11), (13), (14) located on CH3. 40 Tentative hypotheses concerning the non-expression of these allotypes are also given in Table 3 (footnotes).
A rare haplotype hidden in a common phenotype One Mandenka individual, identified as Mand114, has been serologically typed as G3m [5, 10, 11, 13, 14] . A likely hypothesis is that this phenotype corresponds to a homozygous for G3m 5, 10, 11, 13, 14 . However, an alternative genotype would be G3m 5, 10, 11, 13, 14 /G3m 5, 11 . Indeed, Asn384, present in one of the two sequences (M6) of Mand114, is probably involved in the non-expression of G3m(10), G3m (13) and G3m (14) allotypes (Table 3 , footnotes), and M6 would be related to G3m 5, 11 . In keeping with this hypothesis, the presence of G3m 5,11 was previously postulated in the Mandenka from the observation of one homozygous G3m [5, 11] individual. 7 
Molecular phylogeny of G3m haplotypes
A maximum likelihood phylogeny of G3m haplotypes is shown in Figure 1 . All sequences associated to G3m 5, 10, 11, 13, 14 (M1-M5, M7, MZA, S+L, L+F, T1) are closely related to each other and form a central node with short branches. The M6 (possibly G3m 5,11 , see above) and M8 (G3m 5, 6, 10, 11, 14 ) sequences are also directly related to this node. The other sequences form three different clusters, each of them being characterised by a specific G3m haplotype and a long branch from the central node:
. 
Discussion
Thanks to the present work, the critical amino acids necessary for the expression of seven G3m allotypes are determined: G3m(5), G3m(6), G3m(15), G3m(16), G3m(21), G3m(24) and G3m(28) allotypes are shown to be defined by punctual mutations. However, the expression of four of them (5, 6, 15, 24) also probably depends on the conformation of g3 or g4 proteins, where other amino acids are involved in allosteric effects, as previously postulated. 47 On the other hand, G3m allotypy would not completely reflect the amino acid variability of g3 molecules, as we have supposed that only 10 of the 17 positions found to be polymorphic at the protein level are involved in allotypy.
The fact that we could not test some rarely determined G3m allotypes, like G3m (26) and G3m (27) , due to the lack of antisera, should be taken into account to clarify this ± ± ± ± Met ± ± ± ± ± g4 ± ± ± ± ± Arg Glu ± ± ± G3m 5,10,11,13,14 ± ± ± Ser Met ± ± Ile Arg Phe G3m 5, 6, 10, 11, 14 ± ± ± Ser Met ± Glu Ile Arg Phe G3m 5, 6, 11, 24 ± ± ± Ser ± Arg Glu ± Arg Phe G3m 10, 11, 13, 15 ± ± Met Ser ± ± ± Ile ± ± G3m 10, 11, 13, 15, 16 ± Trp Met Ser ± ± ± Ile ± ± G3m 21, 28 Leu ± ± ± Met ± ± Ile Arg ± c Asn384 is likely to be involved in the non-expression of G3m (10), (13), (14) allotypes in G3m 21, 28 haplotypes, whereas non-expression of G3m (14) is probably associated to Val397 in G3m 5, 6, 11, 24 , G3m Non-expression of G3m (13) correlates with the expression of G3m (6) in G3m 5, 6, 10, 11, 14 and G3m 5, 6, 11, 24 ;
e Non-expression of G3m (11) is probably associated with the expression of G3m (28), and these two allotypes can therefore be considered as antithetical.
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result. However, a likely explanation is that some mutations remain unrecognized by usual antisera if they are located out of reach of antibodies. Part of the g3 amino acid variability would thus remain undetected by conventional serology. Phylogenetic relatedness between DNA sequences associated to the different G3m haplotypes indicates that these haplotypes form distinct and relatively homogeneous groups. The serological definition of G3m haplotypes is thus corroborated by our molecular study. The most variable IGHG3 genes are those associated to G3m 5, 10, 11, 13, 14 , and the other haplotypes may have derived independently from G3m Figure 1 does not reflect population history. Most G3m haplotypes differentiate from each other by long branches, whereas short branches differentiate populations within each haplotype cluster, showing that the G3m polymorphism is much older than population differentiations. Following several decades of Gm typings in human populations, the present work represents a necessary step towards a better understanding of this complex polymorphism. Our aim was to define the molecular basis of the G3m polymorphism, and this has been almost totally achieved. The molecular determination of G3m allotypes proposed here may encourage people to design a protocol for the molecular typing of Gm specificities. Such an issue would ensure that useful Gm analyses of new population samples are done even when Gm antisera are no longer available. Figure 1 Maximum likelihood tree of IGHG3 DNA sequences. This phylogeny is based on all segregating sites reported in Table 2 , including those located downstream the stop codon (3' region). Deletions in the hinge region are not taken into account. Sequence identifiers are the same as in Table 2 (footnotes). Sequences associated to each G3m haplotypes are circled. 5*=G3m 5, 10, 11, 13, 14 ; 21*=G3m 21, 28 ; 15*=G3m 10,11,13,15 ; 16*=G3m 10, 11, 13, 15, 16 ; n=number of IGHG3 sequences. The sequence M6 may correspond to haplotype G3m 5, 11 , instead of G3m 5, 10, 11, 13, 14 (see text).
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